The graft-copolymerization of styrene on PP in the solid phase has been studied under various reaction conditions using a radical initiator. Polymerization kinetics were investigated by DSC experiments and reactions in glass ampoules. The conversion rate and grafting efficiency of styrene appeared to be strongly influenced by the presence of the PP matrix and the styrene/PP ratio. From reactions in a lab scale reactor the concentrations of styrene and initiator, the dosing rate and the temperature were investigated to be critical parameters determining the grafting efficiency and the average length and number of grafts. The phenomena observed were explained by describing the process in relative rates of diffusion and polymerization, including swelling of the polymer by styrene monomer and diffusion limitations (Trommsdorff effect).
INTRODUCTION
Various technologies are developed and applied in the area of polymerization catalysts and reactive processing for the production and modification of polyolefins. New materials become available by combining olefinic materials with non-olefinic polymers (Refs. 1, 2). The properties balance of PP-g-PS graft-copolymers allows targeting this material as potential ABS replacement and compatibilizer for PP-based blends. However, literature describing the polymerization kinetics and effects of process conditions on the characteristics of the graft-copolymers obtained is scarce. The graft-copolymerization process by radical initiation can be generally 
PP· + nM---->PP-(M)n· (3)

R· + nM---->R-(M)n· (4)
After decomposition of the peroxide initiator I (1), a radical R· can abstract a hydrogen from PP (2) or add to the monomer. Graft-copolymerization of styrene initiated by pp· radicals (3) and homopolymerization initiated directly by radicals of the initiator (4) may be competing processes. The growing PS chains, grafted or nongrafted, will terminate by recombination with another (macro)radical, chain transfer or disproportionation. The grafting efficiency is defined as the percentage of PS grafted of the total amount of PS formed. Process and material characteristics to be controlled include monomer conversion, grafting efficiency and the number and length of the grafts. In this study, kinetics of the graft-copolymerization of styrene on PP in the solid phase and the effects of styrene and peroxide concentrations, dosing rate and temperature on the grafting efficiency and graft-copolymer characteristics, were investigated.
RESULTS AND DISCUSSION
Kinetics
The conversion rate of styrene typically increased with the initiator concentration (Fig. 1a) . When a higher fraction of the reaction medium consisted of PP, the overall conversion rate of styrene increased, despite constant initiator/monomer ratio (Fig. Ib) . As the mobility of long chain radicals reduces if styrene is polymerizing at the PP surface and within the PP matrix and viscosity builds, this increase in reaction rate can be ascribed to a diffusion limited termination or Trommsdorff effect (Ref.
3). At increased initiator concentration the acceleration of the polymerization rate appeared to occur at lower conversion (Fig. Ic) , indicating an effect of the viscosity of the reaction medium at lower conversion when more initiator was present. The decrease in reaction rate at high conversion at the highest initiator concentration used is probably a result of diffusion limitation of the monomer due to a higher viscosity of the reaction medium. The higher viscosity of the reaction medium was ascribed to more grafts formed at a higher initiator concentration, as no crosslinking of PP has been measured. A decrease in propagation at high conversion can also be due to a lower initiator efficiency and radical trapping.
The grafting efficiency of styrene on PP as a function of reaction time was investigated from graftcopolymerization reactions in glass ampoules at a medium initiator concentration. At low conversion «<15%) no graft-copolymerization was observed (Fig. 2a) . The grafting efficiency increased at higher conversion (>70%) to a plateau level. The occurrence of preferred homopolymerization of styrene at low conversion may be ascribed to the preference of the initiator radical to read with the styrene monomer present at a relatively high concentration in combination with a higher diffusivity of the styrene monomer and styrene radical than the PP (Fig 2a) . Reaction of the initiator radical with PP and subsequent initiation of graftcopolymerization of styrene may become competitive processes at increased conversion when the diffusivity of the styrene monomer and growing PS chains is reduced by the increased viscosity of the reaction medium. The
Trommsdorff effect observed at higher conversion may correlate with the formation of graft-copolymers and increased viscosity of the reaction medium. This agrees with the increased molecular weight of the PS homopolymer extracted from the graft-copolymerization product at higher conversion (Fig. 2a) . When more initiator is used, a higher level of graft-copolymerization at lower conversion would agree with the Trommsdorff effect occurring at lower conversion (Fig Ic) . Alternatively, it may be speculated that part of the growing PS homopolymer chains are terminated by recombination with pp· radicals thus forming graftcopolymer chains at higher conversion. However this mechanism would conflict with the observed
Trommsdorff effect indicating limitation of chain terminations due to increased viscosity of the reaction medium. Moreover, it cannot be excluded that the rate of swelling of PP by styrene plays also a role in the delayed formation of graft-copolymers. In addition, data obtained at short reaction times should be interpreted with caution as a time lapse may have to be accounted for equilibration of the temperature in the glass vials used.
The importance of the effect of swelling of PP by styrene is illustrated by experiments with varied styreneIPP ratio (Fig. 2b) . The grafting efficiency decreased at styrene fractions of the reaction medium higher than 20-30
wt %, where visual examination confirmed the saturation swelling of PP by styrene and a layer of styrene remaining on the PP surface when more styrene was added. The Mw of the PS homopolymer showed an increasing trend at lower styrene fractions, probably due to the formation of higher molecular weight PS when more styrene is polymerized within the PP matrix. 
The Influence of Process Variables
The effects of the process variables on the graft-copolymerization process and resulting copolymer characteristics have been studied from graft-copolymerization reactions in a lab scale reactor. After dosing of styrene and peroxide to hot PP powder, diffusion of styrene and peroxide into PP particles, decomposition of peroxide and polymerization of styrene, were taking place simultaneously. The PP particle can be considered to consist of a PP core and a shell swollen with styrene ( Fig.3 ) (Refs. 2, 4). Polymerization will take place as well at the PP surface as in the swollen shell to a certain depth of penetration, depending on the relative rates of diffusion and polymerization. PS polymerized in an iPP matrix, in an equal amount to the amount of monomer absorbed, has been reported to be present in the non-crystalline phase of iPP and included in irregularities of crystallite surfaces (Refs. 2, 5). Within this framework the influence was investigated of process variables including the concentrations of peroxide and styrene, the dosing rate, and the reaction temperature. Statistical analysis was used to study the influence of each process variable irrespective of and in combination with the other process variables on the grafting efficiency and the length and number of grafts.
Grafting efficiency
The grafting efficiency decreased when the dosing rate of the styrene/initiator mixture was increased.
Accumulation of styrene and initiator around a PP particle would hinder the monomer to come into contact with PP allowing more homopolymerization to take place. The grafting efficiency increased when a large amount of styrene was added at low dosing rate (Fig. 4) . This effect can be ascribed to swelling of PP and an increase in diffusivity of styrene and initiator in the PP matrix at a higher styrene concentration (Refs. 6, 7)
An effect of the temperature has been measured in combination with the dosing rate and the amount of styrene added ( Fig. 5) . At a high concentration of styrene, the grafting efficiency increased if the dosing rate was decreased, with a larger effect at lower temperature. The highest grafting efficiency was 70 % obtained at a relatively low temperature (95°C), a low dosing rate (0.45 pph/min) and a high concentration of styrene (40 wt %). The influence of the temperature on the grafting efficiency can be explained by the temperature dependence of the rate constants for diffusion and kinetics (Ref. 8) . According to the Arrhenius relation both polymerization and diffusion are faster at higher temperature. When a large amount of styrene is added at a high dosing rate, more swelling and less accumulation occurs at higher temperature, increasing the grafting efficiency. Due to a higher activation energy, the polymerization rate decreases more at lower temperature than the diffusion rate, resulting in a higher grafting efficiency when a large amount of styrene is added at a low dosing rate, as more styrene is polymerizing in the PP phase. Further study is required to determine the influence of process variables on the polymer fraction of the total PP matrix which contains styrene graftcopolymers. Within the PP matrix the polymerization of styrene is expected to be independent on the site of initiation (the PP· macro radical for the graft-copolymer or the initiator radical for the non-grafted PS homopolymer). Based on the assumption that the length of a graft would have the same length as the PS homopolymer extracted from the graft-copolymerization product, a calculation of the average number of grafts has been made. This number typically increased with the amount of initiator added and the temperature. The calculated number of grafts also increased when more styrene was added and at process conditions at which swelling of the polymer was expected. Then more grafts could be formed due to a higher diffusivity of styrene and initiator in the PP phase.
It cannot be excluded that also at higher initiator concentration branched PS graft-copolymer or homopolymer chains are formed. More analytical study is needed to measure the number of graft sites and the distribution over the PP polymer by a direct method.
CONCLUSIONS
The phenomena observed suggest that the graft-copolymerization process of styrene on PP was controlled by the relative rates of diffusion and polymerization of styrene monomer, including diffusion limitations and the degree of swelling of the polymer. The conversion rate of styrene appeared to be strongly influenced by the presence of the PP matrix as a result of the Trommsdorff effect and diffusion limited propagation. The grafting efficiency increased in the course of the graft-copolymerization to a plateau level at higher conversion. The concentrations of styrene and initiator, the temperature and the dosing rate of styrene and peroxide were critical parameters determining the grafting efficiency, the length of grafts and the number of grafts.
Modelling based on polymerization kinetics and monomer diffusion rates will be useful in further study to describe and predict the influence of the process variables on the graft-copolymerization.
studied (table I) . Each combination of -and + levels represented an experiment. Chromatography (SEC) on Waters 150 C with a 600*7.5 mm column, type mixed C, calibrated with narrow PS standards. Samples were dissolved in tetrahydrofuran prior to injection of 50 mul of 0.2% sample solutions. PP-g-PS graft-copolymers were analysed using SEC at a temperature of 140°C . Samples were dissolved in 1,2,4-trichlorobenzene at 150°C with 0.15 % of BHT as antioxidant. All samples were filtered over 0.5 mum filters prior to injection by a build-in filtration system. The response peak area for a certain polymer is related to the concentration of the sample by a specific response factor. The relative concentrations of PS and PP have been calculated from:
A=RPS *x + RPP *(I-x) where x is the % wt PS, RpS the RI response factor for PS, Rpp the RI response factor for PP and A the peak area.
